ABSTRACT Transcranial stimulation of the brain can be achieved by pulses of magnetic field delivered by a large electric coil. However, application of such pulses by rapidly moving small permanent magnets could offer several advantages in terms of ease of use, safety, multifocality, and portability. We have, therefore, developed a wearable brain stimulator consisting of small neodymium magnets that are spun at high speed by electric motors mounted on a cap. Here, we describe the operation of the stimulator and present initial evidence that its stimulation of the cerebral cortex produces physiological effects. We first physically tested the electromagnetic induction pattern produced by our stimulator compared with conventional transcranial magnetic stimulation. We then recorded the effects of stimulation of the primary motor cortical representation of the intrinsic muscles of the thumb including abductor pollicis brevis (APB). We studied these effects on spontaneously occurring electromyographic fasciculation potentials or spontaneous motor unit potentials (sMUPs) known to occur in healthy adult human subjects in resting APB, and compared them with the effects of sham stimulation. We found that while a single stimulus cannot elicit a motor-evoked potential, repetitive stimulation delivered by our stimulator modulates sMUP activity. This transcranial rotating permanent magnet stimulation could, therefore, produce neuromodulation at a single or multiple closely spaced cortical sites.
I. INTRODUCTION
Transcranial magnetic stimulation (TMS), repetitive TMS (rTMS) and related methods are presently used to modulate cortical excitability [1] - [3] in neuroscience research and neuropsychiatric diagnosis and treatment [4] - [7] . TMS devices consist of an electric coil carrying high amplitude current pulses that in turn generate magnetic pulses. While some shapes of the coil such as the figure 8 coil can produce focal stimulation of a small volume of brain tissue [8] , [9] , the large size of the coils and their physical interactions restrict placement of two or more coils at closely spaced locations. Therefore, they are most often used to stimulate only at one cortical site at a time. Since brain function and neurobehavioral disorders are increasingly found to depend on changes in activity and connectivity of large neuronal networks there is a need for a neuromodulatory method that can safely stimulate multiple brain areas in a more focal manner. Toward this end we have developed a noninvasive multifocal brain magnetic stimulator [10] . It employs rapid rotation of axially magnetized high strength permanent magnets to induce electrical currents in the brain. The small size of the magnets and of the motors used to rotate them allows us to mount multiple motor-magnet assemblies on a cap, making this Transcranial Rotating Permanent Magnet Stimulator (TRPMS) wearable, portable and capable of multifocal stimulation. In addition, both the size of the magnets and their speed of rotation can be scaled to vary the strength of the stimulus. There are reports in the literature suggesting neurobehavioral effects of static or changing magnetic fields of immobile or slowly moving permanent magnets, respectively, [11] - [16] . However, neuronal stimulation by rapidly spinning small high field permanent magnets has not yet been studied. In this paper we conduct electromyographic (EMG) recordings from a hand muscle to study the effects of TRPMS stimulation. Specifically, changes in the frequency of spontaneously occurring fasciculation potentials or spontaneous motor unit potentials (sMUPs) in abductor pollicis brevis muscle (APB) associated with TRPMS stimulation of its contralateral primary motor cortical representation are recorded. Spontaneous fasciculation potentials in hand muscles recorded with surface EMG are well documented in healthy individuals [17] . In addition, electromagnetic induction produced by our stimulator is compared with that of a standard TMS device.
II. MATERIALS AND METHODS

A. PORTABLE AND WEARABLE MAGNETIC STIMULATOR
We have constructed TRPMS stimulator prototypes consisting of fast spinning small high field permanent magnets mounted on electric motors attached to an electroencephalography (EEG) cap (EASYCAP GmbH, Munich, Germany) or a 1 mm neoprene diver's cap (Tilos). The cap can be fitted with one or more cylindrical ( 1 4 in × 3 8 in in size), axially magnetized, high strength neodymium magnets (N52 grade, residual induction B r = 1.48 T; K&J Magnetics, Inc., Jamison, PA) attached to the shaft of small high speed electric motors (24,000 no-load revolutions per minute (RPM), RadioShack, Fort Worth, TX) held by 3D printed plastic connectors ( Figure 1 ). The motors are removable and can be attached at any position on the cap by hook and loop or other type of detachable attachment. A custom-designed circuit operated by a 9 -12 V battery drives each motor to rotate the magnetic poles. It is controlled by a software program on a laptop computer or on a standalone microprocessor that is wirelessly connected to a smartphone or tablet. The strength of the stimulus can be varied by pulse width modulated changes in the speed of rotation, allowing for the delivery of shaped oscillatory magnetic stimuli. Magnets demagnetized by heating or plastic/metal rods of the same size and shape as the magnets can be used for sham stimulation, making the difference between sham and real stimulation imperceptible to subjects. We have developed a suite of MATLAB (Mathworks, Natick, MA) computer programs with graphical user interfaces (GUIs) in house to control the timing of the activation and inactivation of each motor for different purposes, such as recording of EEG, event-related potentials and electromyograms (EMG), as well as psychophysical testing. A digital input/output card (Measurement Computing Corporation, Norton, MA), a Universal Serial Bus (USB)-based connector box (Measurement Computing Corporation, Norton, MA), or a USB-based open source microcontroller board (Arduino, http://arduino.cc/) can be used to interface with the magnet/motor assemblies. In addition, MATLAB based software for recording and analysis of electrophysiological responses has been developed, as well as smartphone apps and protocol sketches for wireless control of the device.
B. COMPARISON OF TRPMS WITH CONVENTIONAL TMS STIMULATOR
In order to compare the spatial distribution of the magnetic field with a conventional TMS coil, we conducted measurements of the induced voltage in an inductor (100 mH radial choke 11P-104J, Fastron, Feldkirchen-Westerham, Germany) mounted on a bread board. A plastic tube containing the magnet-motor assembly was placed on the inductor (∼5 mm separation distance between face of the magnet and inductor) in different orientations spaced by angle increments of 45 degrees. At each orientation the motor was powered for 100 or 500 ms with 9 V. The voltage output from the inductors was fed through a 1 M resistor into an analog-digital USB adaptor (USB-204, Measurement Computing, Inc.) attached to a Dell laptop computer running an in-house MATLAB data acquisition program. Side-by-side comparison with conventional TMS stimuli was conducted using a MagStim Rapid 2 8-coil stimulator (MagStim, Carmarthenshire, U.K.; courtesy Jeffrey Yau, Baylor College of Medicine, Houston, Texas) delivering repeated pulses at 10% maximal machine output. For these comparisons the center of the 8-coil stimulator was placed on the same inductor as the one used for TRPMS stimulation, and direct recording of induced voltages was carried out from that inductor. We measured voltages in all three orthogonal orientations and with both types of stimulators, i.e. TMS and TRPMS. These configurations and the induced voltages are shown in Figure 2 .
C. DESCRIPTION OF THE MAGNETIC FIELD
In order to understand the theory underlying stimulation by the TRPMS device we assumed that the targeted stimulation site is located at the origin of a coordinate system and that the magnets used are much smaller than the distance to the stimulation site and are located at positions r i . Then the magnetic flux density B(t) at the stimulation site can approximately be described as a superposition of magnetic dipole fields [18] , i.e.,
where m i (t) are the time-varying magnetic moments of the magnets and µ 0 = 4π × 10 −7 H/m. We assume that all magnets have the same magnetic moment m, VOLUME 4, 2016 i.e., m i (t) = mR i (t) e i , where e i is the unit vector describing the orientation of magnet i at the initial time and R i (t) are rotation matrices. For simplicity, the initial orientation of the magnets is assumed to be orthogonal to the skull with motor shafts parallel to the skull (as in Figure 1B ).
Based on this approximation, simulations were performed with MATLAB for a combination of three stimulators as an example. According to Eq. (1), the total field at the target site was computed as a superposition of the individual fields from the stimulators.
The determining factor for neuronal stimulation is the induced electric field rather than the magnetic field itself. In the lab it can be measured by the induced voltage in an induction loop [19] . At the target site, the induced voltage in a hypothetical induction loop surrounding an area F is computed from the rate of change of the magnetic flux
Since the target is not moving, it follows
From this relationship, the induced voltage in an inductor should be proportional to the rotation frequency of the magnet, which was confirmed experimentally ( Figure 3 ; the same inductor as described above and a magnet with B r = 1.48 T were used. The distance between center of inductor and center of magnet was 3.4 cm.). We also confirmed experimentally that the magnetic field of one spinning magnet in good approximation obeys a dipole law for distances larger than 2.2 cm (Figure 4 ). The distance is defined between the center of the inductor and the center of the magnet; the distance of 2.2 cm (corresponding to 1.1 cm minimum distance between the faces of magnet and inductor) was about the minimum that could be tested without drop in rotation frequency caused by electromechanical interaction between magnet and inductor. From Eqs. (1) and (2), the induced voltage U (r) at distance r to the magnet falls off as U (r) ∼ r −3 . This law was confirmed by using a single cylindrical to the magnet axis at the rest position and measured with an oscilloscope. A fit to the expected dipole law confirmed an exponent of α = 3.0 in the relationship U (r) ∼ r −α with a fit correlation coefficient >0.9998.
D. TESTING FOR EFFECTS IN HUMAN SUBJECTS
To test the ability of our TRPMS prototype to modulate cortical neuronal activity we studied the effect of cortical TRPMS stimulation in 8 (4 males and 4 females, ages 20 -60 years) normal adult human volunteers. The stimulation and EMG recording protocol was approved by the institutional review board (IRB) of Houston Methodist Research Institute, in consultation with the Center for Devices and Radiological Health of the U. S. Food and Drug Administration. We made sure that subjects were of normal physical and mental health, not pregnant, and did not have metal implants or metallic devices in the body, any active physical or mental ailment, any history of neurological, psychiatric or chronic health condition, including seizures, or any history of drug or alcohol abuse. Subjects were recruited from our and neighboring academic institutions. Informed consent was obtained before participation in the study. All subjects were required to answer a set of 8 questions about their subjective feelings, mood, sensations and experiences in a standardized format on the computer before and after each stimulation/recording session in order to record adverse effects of stimulation, if any. They were unaware of the nature of the stimulus (real or sham) being delivered.
To begin with, in 3 subjects (ages 24, 28 and 53 years, 2 males and 1 female) we investigated the range of stimulus parameters that would produce reliable and consistent effects in EMG recordings from thenar muscles upon stimulation of the contralateral primary motor cortex. We expected the stimulus strengths delivered by the TRPMS prototype to be too weak compared to conventional TMS to exceed the motor threshold. We therefore sought to detect small modulatory effects on spontaneous muscle activity as a consequence of repeated stimulation, as opposed to responses to single stimuli. We varied the oscillatory stimulus durations over 10-100 ms range, and delivered 5, 10 or 20 stimuli at intervals of 1 s or 8 s at each cortical site that was stimulated. The stimulus strength in the form of rotation speed of the motor was set at the maximum (∼24,000 RPM or ∼400 Hz). It should be noted that this speed and consequently the strength can be varied by using pulse width modulation. The target thenar muscle representation site of stimulation in each subject can only be determined by an exploratory trial and error approach because of anatomical and functional differences in cortical motor representation.
Once the effective parameters were obtained, subsequently, in all 8 subjects both sides of the head were stimulated on the left side first and then on the right side. The stimulus parameters used were 10 stimuli of 50 ms duration at 8 s interstimulus interval (ISI). Each run of EMG recording was of up to 200 s (25 epochs of 8 s) duration. The 10 stimuli were delivered at the beginning of epoch 2 through 11. Unstimulated baseline control recordings of similar durations were carried out before and after all stimulations.
To detect adverse epileptiform EEG changes, if any, 15 min EEG recordings were carried out at the beginning and end of the entire stimulation and recording session. EEG was recorded from 12 scalp electrode sites (F3, C3, P3, O1, T3, Fpz, F4, C4, P4, O2, T4 and Cz with ipsilateral mastoid processes as reference sites) in 8 subjects. Quantitative study of non-epileptiform EEG changes is being performed in a separate set of ongoing experiments.
Because of the possibility that any observed effects could be due to mechanical stimulation by the vibrations or sound waves generated by the spinning motor we also measured the effect of sham stimulation by rotating a non-magnetic rod instead of a magnet. We conducted sham stimulation in 5 subjects at the target stimulation site before and/or after actual stimulation. The non-magnetic rod used was a magnet demagnetized by heating for 6 hours on an electric heating plate at a temperature of ∼371 • C.
E. STIMULATION AND RECORDING PROCEDURE
In each session the subject was seated in a comfortable sofa chair with his/her recorded hands resting on small pillows placed on the arms of the chair. The target of TRPMS stimulation was the cortical motor representation of intrinsic muscles of the thumb including APB. Multiple (5 -20) cortical sites were stimulated one at a time until a target site was obtained and the spatial spread of the magnetic stimulus was mapped. The target site search involved stimulating along the meridian passing through the vertex (Cz) and the external auditory meatus on either side using a modified version of the procedure followed by Wilson et al. [20] . The stimulation points chosen were 3 -10 cm from the vertex on either side 1 cm apart from each other in random order, while recording from VOLUME 4, 2016 the contralateral APB. The axis of the magnet was oriented perpendicular to the surface of the scalp and to the interaural median passing through Cz. The axis of rotation of the magnet was tangential to the scalp. The separation distance between the face of the magnet and the scalp was ∼5 mm. Using EMG with self-adhesive surface electrodes (Covidien Kendall 130 foam electrodes, Covidien LLC, Mansfield, MA) attached to the thenar eminence, we conducted bipolar recordings referenced to the base of the index finger with a ground strap electrode attached to the wrist. In the relaxed APB, in the absence of any stimulation, we could record small spontaneous fasciculation potentials or sMUPs that have been well documented in healthy individuals [17] , [21] .
A 16 channel AC amplifier (Model 3500, A-M Systems, Inc., Sequim, WA) recorded the EMG signals. They were low pass filtered and sampled at 5 kHz, and analyzed using our in-house MATLAB-based software. The EMG traces were filtered using a 20 -500 Hz digital band pass filter (idealfilter function in MATLAB). The cutoff threshold for counting sMUPs was set at a level corresponding to positive and negative amplitudes of 15 µV from upper and lower limits of the baseline trace set manually by visually examining each recorded trace one by one. Biphasic or polyphasic peaks that overshot this threshold in each inter-stimulus and poststimulus recording epoch were counted as the number of sMUPs per epoch.
Peak-to-peak amplitudes were calculated by adding the largest positive and negative peak amplitudes of the biphasic/ polyphasic transients. Peak-to-peak durations corresponded to the interval between the peak time points of each pair of largest positive and negative peak amplitudes.
III. RESULTS
A. VOLTAGES INDUCED BY ROTATING MAGNETS
The TRPMS approach allowed us to place a magnet-motor assembly at single or multiple cortical sites to stimulate a cortical volume limited by the spread of the magnetic field dependent on the size of the rotating permanent magnet (Figure 1 ). The stimulus delivered by this method consists of a brief bundle of biphasic oscillations determined by the speed of rotation of the motor, as opposed to a single or multiple spaced biphasic pulses of conventional TMS or rTMS, respectively. Figure 2A illustrates this with a plot of voltage oscillations produced in an inductor coil with the stimulator prototype. The amplitude reaches a stable peak in 75 -150 ms. The rise time of each voltage oscillation at saturation is ∼1.2 ms compared to 100 -300 µs of a single biphasic conventional TMS stimulus.
In order to roughly compare TMS and TRPMS stimulation strengths, we measured voltages induced by TMS (at 10% maximal machine output) and TRPMS (at the maximal speed of motor rotation of the current prototype). The positioning of the inductor coil in all three orthogonal orientations with respect to the stimulator (Figure 2) captures the corresponding spatial field components. The maximum voltages induced by TMS and TRPMS are shown side by side in Figure 2 . The peak amplitude of TRPMS appears to be comparable to that produced by ∼6% of the maximal machine output of TMS. (This comparison is limited by several factors including geometry and impedance of the inductor coil vs. a typical neuronal configuration, different time scales of TMS and TRPMS, and nonlinearities of the coil response.) Figure 5 shows model simulations of the magnetic field for a combination of three stimulators as an example, each of them yielding relatively focused fields. As the magnets spin, the direction of the field changes accordingly, from pointing into the brain to being parallel to the scalp, and reversing sign. If it is assumed that the surface of the cortex has a distance of 21 mm to the center of the closest magnet, based on this simulation the maximum absolute field strength difference on the surface of the cortex is 0.03 T.
B. DESCRIPTION OF THE MAGNETIC FIELD VIA SIMULATIONS
C. sMUPs ASSOCIATED WITH CORTICAL STIMULATION
To test whether we can measure the effect of TRPMS modulation of cortical neuronal activity we stimulated the cortical motor representation of APB and surrounding sites in 8 healthy adult human subjects, and performed EMG recordings. Because of the weaker sub-motor threshold nature of TRPMS stimuli compared to conventional TMS we did not expect to elicit motor-evoked potentials (MEPs) in APB with single oscillatory stimulus pulses, and never observed them. However, in all 8 subjects repeated (5, 10 or 20 times in each session) stimulation at the target site on each side produced in the contralateral resting APB an increase in the spontaneously occurring small brief sharp biphasic voltage transients that have been recognized as spontaneous fasciculation potentials or sMUPs in the EMG literature [17] , [21] . These sMUPs were of 10 -20 ms duration (from onset to return to baseline) and 30 -300 µV amplitude (peak to peak) during 8 s ISIs and/or in the 120 s post-stimulation period ( Figure 6 ). To compare increased sMUP activity induced by TRPMS in the relaxed or resting APB with the much increased activity of the contracted muscle we show EMG traces in both conditions in the same subject in Figure 7 . The possibility of mechanical or acoustic stimulation of the cortex by the vibrations of the magnet-motor assembly was ruled out by the fact that sham stimulation with demagnetized rods in 5 subjects either before or after actual TRPMS stimulation did not show any significant increase in sMUP frequency ( Figure 6B, right panel) .
To map the spatial extent of the volume of cortical tissue that is stimulated we delivered 50 ms stimuli to cortical sites adjacent to the target site at distances of 1 -1.5 cm in the four perpendicular directions. The increase in sMUPs was much reduced for stimuli at these sites as opposed to the target (Figure 8 ).
D. ABSENCE OF ADVERSE EFFECTS
We addressed concerns about triggering of persistent epileptiform discharges by repeated stimulation of the cerebral cortex by conducting EEG recordings before and after stimulation in all 8 subjects. The post-stimulation recordings at 12 EEG loci failed to show any qualitative abnormal changes in EEG. Recordings at the target site and four sites surrounding it at a distance of 1 cm ∼1 min after stimulation also did not show any abnormal discharges in EEG even during the immediate post-stimulation period ( Figure 9 ). As far as subjective perceptual responses to stimulation are concerned, answers to a questionnaire provided by the research subjects before and after each stimulation/recording session indicate no adverse effects of stimulation. There were no differences in responses to the questions between before and after stimulation. The only sensations reported during stimulation were hearing the sound of the motor and feeling the mild motor vibrations on VOLUME 4, 2016 the scalp. On a few occasions, however, 2 subjects reported feeling sporadic twitching or trembling of the thumb on the side of the recording during stimulation.
IV. DISCUSSION
We have been able to construct a wearable non-invasive magnetic brain stimulator with the ability to stimulate multiple cortical sites in a highly focal manner using rotating permanent magnets and the principle of electromagnetic induction. We have simulated the field and current induction effects that could be generated with this approach.
For transcranial stimulation, it is desirable to have a high induced voltage at the targeted stimulation site. Following Eq. (2), the induced voltage in the induction loop can be maximized in three ways: (i) by maximizing the flux density B, experimentally set by the position and strengths of the magnets used, (ii) by maximizing the rate of change of the flux density, dB(t)/dt, experimentally set by the rotation frequency of the magnets, and (iii) by the orientation of the induction loop surrounding F relative to the magnets. In other words, the induced voltage in the induction loop is expected to be highest when strong and fast-spinning magnets are used in multiple locations relative to the target site. However, the local electric field in the brain would depend on additional factors such as neuronal environment, neuronal physiology including shape and myelination, and frequency dependence of neuronal depolarization. These factors have not been considered here and would require more detailed investigation based on simulations [22] , [23] or experiments.
Direct comparisons between the current TRPMS stimulator prototype and a commonly used conventional TMS coil show that the maximum voltage induced in an inductor by the former is ∼6% of the maximum machine output of the latter. Assuming the MagStim Rapid 2 figure 8 coil that we used induces an electric field of 200 -500 V/m in the cerebral cortex, in accordance with its manual specifications, the corresponding value for TRPMS would be in the range of ∼12 -30 V/m. This exceeds the maximum strength of the field generated by transcranial alternating current stimulation of ∼2 V/m, which has been shown to entrain oscillating neuronal activity in the neocortex [24] . Furthermore, Bikson and co-workers, and Deans and coworkers have found that an electrical field change of 4 V/m produced by external electrical stimulation can induce neuronal membrane depolarizations of 1 mV [25] , [26] , enough to increase the firing rate of neurons that are depolarized to near-threshold level by on-going excitatory synaptic drive. Indeed, Frohlich and McCormick, using local field potential and multiunit recordings in ferret cortex have demonstrated actual neuronal activity oscillations by externally applied oscillating electric fields that are as low as 0.3 V/m [27] , about 40 -100 fold smaller than those generated by the TRPMS prototype.
While effects of static permanent magnets on the primary motor cortex and other cortical areas have been reported in the literature [12] - [14] , to our knowledge no prior study has demonstrated induced electrophysiological changes caused by cortical stimulation with moving permanent magnets. However, Jin and Phillips [15] and Leuchter et al. [16] reported treatment of depression by using slowly rotating (frequencies matching EEG α waves) diametrically magnetized large magnets. Nevertheless, no direct electrophysiological evidence was provided for the proposed mechanism in these reports or elsewhere.
We have offered the first evidence of modulation of peripheral muscle activity in response to primary motor cortical stimulation by our TRPMS device prototype. TRPMS stimuli are understandably subthreshold to elicit MEPs in the skeletal muscles, given the much weaker stimulus strength compared to conventional TMS. But as indicated above, the ∼12 -30 V/m change in cortical electrical field is large enough to account for the fact that we are able to induce a significant increase in the frequency of spontaneously occurring fasciculation potentials or sMUPs. This change in sMUPs is likely to be due to increased recruitment of active motor units at rest as a result of electromagnetic modulation of activity in the corticospinal motor pathway. The possibility that this is caused by mechanical perturbation of the primary motor cortex by the vibration or sound of the electric motor can be ruled out because sham stimulation with demagnetized magnets did not produce any significant increase in sMUPs over the unstimulated baseline condition. The randomized order used to stimulate and sham-stimulate different sites also makes it unlikely that the reproducible activity differences can be explained by time-or stimulus order-dependent effects. Further investigations will throw light on the exact mechanisms underlying the observed effects of TRPMS stimulation. In particular, since we have followed a non-standard method to indirectly probe these putative cortical effects it is necessary to confirm them by a standard method of measurement of cortical excitability such as measuring the changes in resting motor threshold and MEP amplitude with conventional TMS after repeated TRPMS stimulation compared to before stimulation, as has been done for transcranial electrical stimulation [28] - [30] .
Since TRPMS can deliver highly focal stimuli with an effect that extends only over 1 -2 cm, this approach offers several unique advantages for non-invasive neuromodulation. It provides a way of delivering imperceptible multifocal stimuli simultaneously, sequentially and in defined spatiotemporal patterns. The magnet-motor assemblies are scalable and can be placed fairly close to each other depending on need -for example, at the nodes of cortical networks. The stimulus parameters and sites of stimulation can be varied seamlessly, dynamically and interactively, if necessary, using real time feedback. The stimulation can effectively influence mixed neuronal fiber geometries because the magnetic field direction can sweep over a continuum of angles, depending on the configuration of stimulators. The oscillatory stimulus pattern characteristic of TRPMS, as in the case of transcranial alternating current stimulation [31] , [32] , could facilitate neuroplasticity, given that tetanic stimulation and repetitive stimulus patterns such as the theta burst are more effective in this regard [33] - [35] .
The small size of magnet-motor assemblies allowing their attachment to a cap, operation by small rechargeable batteries, and wireless control by a smart phone make the TRPMS device wearable and portable, potentially fulfilling the need for a safe and inexpensive in-home neuromodulatory therapy [36] , [37] . 
